Grouts have numerous applications in construction industry such as joint sealing, structural repair, and connections in precast elements. They are particularly favoured in rehabilitation of structures due to penetrability and convenience of application. Grouts for repair applications typically require high-performance properties such as rapid strength development and superior shrinkage characteristics. Sometimes industrial by-products referred as supplementary cementitious materials (SCM) are used with neat cement due to their capabilities to provide binding properties at delayed stage. Micro silica, fly ash and metakaolin are such SCMs, those can modify and improve properties of cement products. This study aims at investigating long-term mass loss and linear shrinkage along with long-term compressive and flexural strength for grouts produced from ultrafine cement and SCMs. A series of mixtures were formulated to observe the effect of SCMs on these grout properties. Properties were determined after 365 days of curing at 23 °C and 55% relative humidity. The effect of SCMs on the properties are characterised by statistical models. Response surfaces were constructed to quantify these properties in relation to SCMs replacement. The results suggested that shrinkage was reduced by metakaolin, while micro silica and fly ash had positive effects on compressive and flexural strength, respectively.
Introduction
Although new civil constructions are being built, old structures are going through ageing process. Structural components in such structures may be cracked under service loads. Concrete or mortars are the most widely used construction materials all over the world. Unfortunately, concretes are susceptible to cracks over time due to prolonged loading. Cracks and holes in such components may threaten the safety of the whole structure. Maintenance, repair, and strengthening of structural elements then becomes a very important part of the activities of the civil industry. Sometimes it is more convenient and cheaper to repair the damaged structure than to rebuild it. Long-term properties of such grouts are crucial in relation to durability.
The grouting technique is widely used to repair civil constructions such as buildings, bridges, dams, retaining walls, and roads. In general, grouting can also be used for crack filling, compaction, fracture mitigation, reducing permeability and strengthening sub layers. Grout is injected under pressure and causes an increased strength, stiffness, and reduced permeability. Grouts can be generally divided into either a cement or chemical grout. Cement grout has two subtypes: ordinary Portland cement and ultrafine cements.
The chemical grout domain primarily includes sodium silicate, acrylic gels, epoxy and polyurethane based grouts. Cement grouting can offer an economic advantage compared to polymer grouts.
Cementitious mortar or concrete undergoes various shrinkage processes during the curing process [1] . Since grouts are placed in confined places and cracks, drying shrinkage is considered as a major concern for concrete deterioration by producing tensile stress within concrete leading to cracking. This enables harmful materials to penetrate the concrete, thereby affecting long term concrete durability. Typical in-situ curing conditions for grouts in field application usually have much lower relative humidity. It is well known that lower relative humidity results in higher shrinkage [2] [3] [4] . This may increase shrinkage cracks and mechanical properties in the long run. Hence, it is important to quantify the shrinkage especially drying shrinkage for such grouts.
Supplementary cementitious materials (SCMs) are used with ordinary Portland cement to contribute to the properties of the hardened concrete through hydraulic or pozzolanic activity or both [5, 6] . The most commonly used SCMs are fly ash, ground granulated blast furnace slag, metakaolin and silica fume. The incorporation of SCMs into a mortar or concrete mixture generally tends to improvement of the workability, viscosity, strength, durability, economy and reduced thermal cracking by lowering the heat of hydration. The financial advantage can further enhance when the ultrafine cement is partially replaced with supplementary cementitious materials (SCMs). Micro silica (MS), fly ash (FA), and metakaolin (MK) are commonly used pozzolanic materials [7] . However, their inclusion can affect various properties. Besides, high range water reducing admixtures are sometimes necessary to attain suitable workability properties [8] . Since three variables are involved, a parametric study is essential to carry out to attain suitable properties from an optimum range of SCMs. SCMs were also used in grouts for structural applications [9] [10] [11] . Effects of such SCMs need to be studied prior to select an optimum mix design.
This experimental study aimed at evaluating the effects of three SCMs on long-term (365-day) mechanical and linear shrinkage properties. Mix design was formulated according to Box-Behnken design approach for formulating quadratic relations. Statistic approach was used to analyse the data from the laboratory tests. Finally, effects of SCMs on the properties investigated were discussed from the plotted data.
Test program
The study was carried out in two stages. The first stage involved laboratory testing for selected mixes containing three SCMs. The later stage was statistical analysis and presentation of the responses. It is necessary to describe the approach to formulate the mix design.
Background for statistical analysis
Box-Behnken is one of the experimental design techniques that investigates the influence of different variables on the outcome of a controlled experiment [12, 13] . The final aim is usually to obtain a range of input parameters for a set of outputs, which can be governed by practical applications. The optimization process involves studying the response of the statistically designed combinations, estimating the coefficients by fitting it in a mathematical model that fits best the experimental conditions, predicting the response of the fitted model and checking the adequacy of the model. This can be achieved by Response Surface Methodology (RSM), which comprises a group of statistical techniques for model building and model exploitation [14] . It allows calculations to be made of the response at intermediate levels which were not experimentally studied and shows the direction in which to move if we wish to change the input levels to decrease or increase the response.
In this study, quadratic model was used. The second-degree graduating polynomial that best represents the relation is given as Eq. (1), where refers to the input factors which influence the response, . The first coefficient, represents the combination of the mean and the provision for an error adjustment. The rest of coefficients in the forms of denote individual and combined effects from three variables. Solution of these response equations was carried out using regression analysis. A graphical and statistical tool was used to create contour plots and carryout analysis of variances (ANOVA) for statistical verification.
(1)
Experimental design
Total 15 test runs are required for three factors considered in this study. The contents correspond to coded values specified by Box and Behnken [12] . Table 1 shows the test matrix and ingredients. MS, FA, and MK contents are kept to (0%, 3%, 6%), (0%, 8%, 16%), and (0%, 8%, 16%), respectively. Cement was replaced with SCM contents by volume. An additional mixture (mix 16) is also shown, which represents the mixture with neat cement.
Materials
A micro-fine hydraulic binder was used in this study. The cement complied (except for setting time) with the requirements given by EN 197-1 for CEM I 52.5 R LA SR. Cement had D 95 = 12 µm, BET specific surface = 2200 m 2 /kg, and specific density = 3.14 g/cm³. Three supplementary cementitious materials used in this study were: silica fume / micro silica (MS), Class F fly ash (FA), and metakaolin (MK), which had specific density of 2.207, 2.320, and 2.595 g/cm³, respectively and D 95 was 35 µm, 150 µm, 20µm, respectively. The chemical compositions of cement and supplementary cementitious materials are given in Table 2 . A Polycarboxylate-ether based superplasticizer (SP) ACE 454 by BASF was used. SP was a liquid with a specific density = 1060 kg/m 3 and pH = 6.5. An initial test program was performed to determine the saturation point of the SP content in relation to neat cement. Flow diameter and rheological parameters showed a saturation point of 3.0% by weight of cement, below and beyond which properties showed adverse trend. Hence, a SP content of 3.0% by weight of 100% neat cement was used further in this study for all mixes. Since a finer cement was used, it was assumed that the superplasticizer had enough charges for the binders including SCMs. Based on the desire to achieve a low initial apparent viscosity value, it was decided to use this dosage by mass of dry neat cement and to apply the same dosage to all cement suspensions for reasons of uniformity and preparation simplicity, without optimizing the dosage for each specific suspension. The basis of uniform SP dosage regardless of suspension was also adopted by other researchers [15] [16] [17] . Such high SP dosage is not uncommon in literature [8] , where up to 3.5% SP was used. Besides, no drastic retardation was observed in the mixtures even with the highest SCMs. During this procedure, the water content was kept low compared to typical injectable repair grout to achieve higher mechanical properties. A water-cement ratio of 0.32 (480 kg water per m³) was used for all mixes. Such low water content was also used by Yahia and Khayat [7] .
Test procedures
Mixing was carried out using an intensive mortar mixer. The powders were first mixed dry for 1 minute at 400 rpm. Then, water and half of the plasticizer were added at a time and mixed for 1 minute at 400 rpm. After a resting period, second half of the plasticizer was added and mixed for another minute at the same speed. A break of 1.5 minutes in mixing was taken for scrapping the mixing container. The mix was then continued for 1 minute at 400 rpm, and finally 2 minutes at 800 rpm.
Compression and flexural tests were carried out conforming EN 196 -1 [18] , where 40×40×160 mm prismatic specimens were used. Similar prismatic specimens were used to measure linear shrinkage conforming DIN EN 12617 -4 [19] .
The shrinkage was measured after initial curing of 24 hours. Same shrinkage prisms were used to determine the mass loss. Specimens for all the properties were cured in a controlled air-conditioned environment at 50% relative humidity and 23°C for 365 days prior to testing unlike suggested by EN 196 -1, where submerged curing is advised. However, the prisms were cured out of the water to impose severe curing conditions, to avoid potential expansion and mass gain due to moisture absorption. Six samples were tested for each reported compressive strength and shrinkage measurement, whereas a set of three samples was tested for flexural strength. Fig.1 shows the shrinkage apparatus used for test. 
Results and discussion
The summary of test results obtained is given in Table 3 . The results show ranges of mass loss, shrinkage, compressive strength, and flexural strength to be 5.71 -8.67 %, 0.214 -0.328 %, 56.9 -100.5 MPa, and 2.18 to 5.81 MPa, respectively. A detailed study for such similar mixtures was already reported [20] , where 28-day properties were investigated after curing at submerged condition. Compared to that study, all the mixtures have lower compressive strengths. A lower strength among the mixtures is expected since the specimens were cured at a lower relative humidity, thus creating an unfavourable hydration environment. Besides, lower strength may be also due to micro-cracking of the specimens caused by drying shrinkage gradients [21, 22] .
Statistical models were developed through regression analysis. Constants mentioned in Eq.(1) were determined and outlined in Table 4 . Analysis of variance (ANOVA) was also carried out considering 95% confidence. The models show considerable accuracy with experimental results assuming a null hypothesis that the means of experimental and predicted data sets are exactly equal. Coefficient of variance, R 2 values indicates good fit of the response surfaces. This is also indicated by P values, which suggest a difference is very unlikely to exist between experimental and predicted data formulated using coefficients of the table.
Table3. Summary of 365-day test results

Mix
Mass To portray the development of shrinkage over the 365 days period, a comparison of the grouts with median values along with neat cement grout (#1) is shown in Fig.2 . The trend suggested a sharp rise in the shrinkage up to 28 days. Then the increment slowed down for all grouts compared. The comparison also suggested that metakaolin rich system provided a lower shrinkage than that of other supplementary materials. The increment in shrinkage after 180 days are negligible and relatively stable.
The response surface produced for mass loss and shrinkage after 365 days is given in Fig.3 . The results suggest that the mass loss increases with increasing fly ash and reduces with increasing micro silica. The effect of metakaolin on mass loss is negligible. Mass loss increased with increasing fly ash, whereas reduced considerably due to increment in micro silica. Linear shrinkage increases with increasing micro silica and fly ash, while reduces with increasing metakaolin. Micro silica was found to increase drying shrinkage at relative humidity less than 75% [23] . The shrinkage values seem high compared to previous studies on a range of cement pastes [24, 25] . Several factors can contribute to this phenomenon. The reasons may be the curing at low humidity [1, 3] . Microfine cements are known to provide higher shrinkage compared to coarser ordinary Portland cement since microfine cement hydrates much faster due to a fine pore structure, which will retain more water at a given RH due to osmotic suction effects [26] [27] [28] . The fact that metakaolin has positive effect on shrinkage was also reported earlier [29] [30] [31] , where autogenous and long-term shrinkage were investigated. It was argued by Brooks and associates that metakaolin rich systems have lower porosity and finer pore structure, attributed to the lower amount of evaporable water as hydration and pozzolanic reaction used up significant amount of the free water. Up to 33% reduction in shrinkage was also reported previously for a metakaolin content of 15% [32] . However, unlike found in this study at 365 days, it was reported that higher fly ash content resulted in lower linear shrinkage at 56 days in self-compacting concrete [33] .
Compressive strength increases with increasing micro silica. This trend was also reported earlier [20, 34] . The response surfaces suggest that strength decreases with increasing fly ash and metakaolin in general. It is to be noted that lowest compressive strength of 56 MPa was recorded in Table 3 when the highest fly ash (16%) and median metakaolin (8%) contents were added (Mixture 3). Reduction in compressive strength was also found when cement was replaced by high volume fly ash more than 30% [35] . Similar observations were also reported for cement mortars at 28 days [36] . Besides, a combination of micro silica (10%) with fly ash resulted in higher strength in that study. The compressive strength usually increases when metakaolin content is increased, however at a lower gradient between about 80 and 70 MPa for low MS and high FA content.
Flexural strength after 365 days was positively affected by fly ash as shown in Fig. 4(b) . Micro silica content was found to have adverse effect on flexural strength. Metakaolin content had negligible effect on the strength except minor increase near 6-12% range. This trend also aligns with the previous study on mortars that bending strength reduced or remained steady when cement was replaced by metakaolin [37] . 
Optimization
A typical example of interpretation of these trends can be given in Fig. 4 . An arbitrary combination of desired properties based on a set rule can be decided. In this case, it is assumed that all the desired properties will be within suitable one third of their available limits. For an example: within the total linear shrinkage range of 0.25 -0.38%, 0.25 -0.2929% provides the favourable one third of the total shrinkage range found in this study. The favourable condition for shrinkage is to keep it as low as possible. Similarly, other properties can be narrowed down to one third of their favourable ranges. The aim is to find the trend in each ingredient towards more suitable properties. Hence, an optimum zone can be obtained for a desired set of properties. The shaded area is the recommended zone for the specified set of suitable properties, which in this case is one third of each of the property ranges. From the plot, it is seen that metakaolin content higher than 7% provides a much suitable property scenario. Moreover, micro silica and fly ash contents should be lower than 1.5%, and 6%, respectively. Similar selection can be carried out for any other set of given properties. It should be noted that previous study of such mixtures showed that fresh properties were positively affected by fly ash and negatively affected by metakaolin, where detailed selection process of the ingredients according to their effect on fresh and 28-day hardened properties [20] . This poses a contradictory requirement for fresh and 28-day properties against long term (365-day) properties. This indicated that shrinkage should be addressed in future development of such grouts. This may be achieved by introducing shrinkage reducing admixtures in the mixture. 
Conclusions
The study was aimed to characterise the effect of replacement of ultrafine cement by three SCMs: micro silica, fly ash, and metakaolin. Sixteen grout mixtures were formulated. The samples were cured at 50% relative humidity and 23°C for 365 days before tested for mass loss, compressive and flexural strength. The maximum replacement by micro silica was 6%, whereas a maximum of 16% was replaced by both fly ash and metakaolin. The trend in the properties were actualised using statistical models and presented through response surfaces. The results suggested that the mass loss reduced with increasing micro silica, whereas adversely affected by increasing fly ash content. Linear shrinkage reduced with increasing metakaolin, while opposite patterns were found for micro silica and fly ash. Compressive strength increased with increasing micro silica content. Whereas, fly ash had positive effect on flexural strength, which reduced for increasing micro silica content. A typical optimization technique is presented, which suggested a higher metakaolin content and lower fly ash and micro silica would provide more suitable trends of properties.
